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Abstract: A novel approach to the design of power factor correction (PFC) and torque ripple mini-
mization in a brushless direct current (BLDC) motor drive with a new pulse width modulation (PWM)
technique is demonstrated. The drive was designed to have a better power factor (PF) and less torque
ripple. On the other hand, the modified Zeta converter is used to enhance the power factor of the
proposed system. The modified Zeta converter is operated in discontinuous inductor current mode
(DICM) by using a voltage follower technique, which only needs a voltage sensor for power factor
correction (PFC) operation and DC-link voltage control. The output voltage of the VSI is determined
by switching patterns generated by the PWM-ON-PWM switching strategy, and it reduces the torque
ripples. The proposed drive is developed and simulated in a MATLAB/Simulink environment. The
power factor of 0.9999 is produced by the PFC modified zeta converter topology and the PWM-ON-
PWM scheme reduce the torque ripple in the commutation region by 34.2% as compared with the
PWM-ON scheme. This demonstrates the effectiveness of the suggested control method.

Keywords: power factor correction; torque ripples; BLDC; PWM-ON-PWM; zeta converter

1. Introduction

The BLDC motor’s excellent efficiency, high energy density, high torque/inertia ratio,
low maintenance requirements, and broad range of speed control make it the perfect motor
for low and medium power applications [1] The motor is a three-phase synchronous motor
with permanent magnets on the rotor and three phase windings on the stator. There are no
mechanical brushes or commutator assemblies, so it is sometimes called an electronically
commutated motor. In BLDC motors, the rotor position is sensed by using hall effect sensors
to provide electronic commutation [2,3]. Good power quality converters are required to
achieve the unity power factor at AC mains with minimum current distortion [4,5]. In
a conventional diode bridge rectifier (DBR) and high-value DC-link capacitor-provided
BLDC motor driving system, a sizeable amount of harmonic current is pulled from the AC
mains. Due to the integration of these elements, the supply current is severely distorted,
resulting in a low PF at the AC mains and a current waveform with distinct peaks [6].
To power the BLDC motor drive, numerous single-phase power factor correction (PFC)
converters have been described in the literature. A commonly employed approach involves
the utilization of two-stage PFC converters, which employ two distinct converters for
power factor correction and control of the DC-link voltage [7]. According to the type of
application and the voltage level necessary for that specific application, a boost converter is
typically employed as the first stage for PFC, followed by a second stage [8]. Two-stage
power factor correction converters require larger numbers of MOSFET switches than single-
stage power factor correction converters, which produce higher losses. Additionally, the
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PFC and DC-DC conversion stage requires two different controllers, which raises the cost
and complexity of the system. As their name implies, single-stage power factor correction
converters need just one converter to handle both voltage control and the power factor
correction function. Using a PFC boost converter is the most traditional method of fueling
the BLDC motor. The BLDC motor’s voltage source inverter (VSI) keeps the DC-link voltage
at the DC-link capacitor constant. Speed control is achieved via the pulse width modulation
(PWM)-based switching of VSI, which has significant switching losses corresponding to
the PWM switching frequency. Reference [9] makes a novel suggestion for changeable
DC-link voltage for BLDC motor speed control. A comparison of permanent magnet
synchronous motors and trapezoidal back emf BLDC motors reveals various advantages of
the BLDC motors. These benefits include the capacity to function at high speeds, excellent
reliability, and few maintenance needs. The torque ripple that occurs in the conduction and
commutation zone of BLDC motors, which reduces BLDC drive precision, is their main flaw.
Electric vehicles, robots, and industrial automation are just a few of the many applications
in which BLDC drives are employed. But BLDC drives frequently have low power factors,
which can decrease efficiency and put more strain on the power supply. Power factor
correction is a method of raising the power factor of a load, usually by lowering the amount
of reactive power required from the power source. For BLDC drives, a number of PFC
methods have been suggested, including boost converters, buck-boost converters, and
Sepic converters. However, these converters have some drawbacks, including difficult
input current regulation and significant voltage stress on the switches. The buck-boost and
the Sepic converter’s capabilities are combined in the DC-DC converter, which is known as
the Zeta. It allows the input current to be regulated independently of the input voltage and
has two inductors and two capacitors. Due to its ability to regulate the input current, it is
in phase with the input voltage. This paper uses a Zeta converter to obtain a better power
factor [10].

In [11], a voltage source inverter and a new control approach were used to obtain the
commutation. For smooth electromagnetic torque, a phase current with a rectangular shape
isideal. Due to the armature winding inductance, a perfect rectangular phase current cannot
be achieved. The inductance causes different slew rates for the two incoming and outgoing
phases, which causes current ripples. The current ripples damage the electromagnetic
torque and can produce mechanical vibration and noise [12]. To overcome these restrictions,
a variety of complex and high-cost pulse width modulation approaches were proposed
in [13]. There are reports that the switching losses and harmonics in front of the VSI unit
can be reduced using unipolar and bipolar PWM approaches [14]. Therefore, throughout
the operation, diode freewheeling and the commutation current ripple remained ignored.
For the PFC, a topology based on a Luo converter installed before the standard BLDC
motor drive using traditional PWM was created in [15]. The main issue with this topology
is the current ripple caused by commutation, along with the fact that freewheeling of the
inactive phase of the diode is not taken into account. The current and torque ripples in
BLDC motor drives were addressed by the introduction of the ON-PWM method [16].

The commutation torque ripple under conventional two-phase operation is analyzed
using a vector coordinate approach and provides a unique BLDCM drive method with
vector control to reduce commutation torque ripple based on the analysis. This technique
avoids switching the control method between the normal conduction period and the
commutation period and increases system reliability by calculating the constraint equation
of both torque ripple minimization and maximum torque per ampere characteristics [17]. It
should be observed that at about 28%, the torque ripple is effectively reduced. Before the
traditional BLDC motor drive, a super-lift Luo converter was utilized to handle current
ripple for high-speed applications [18]. To suppress the commutation current ripple, a
traditional SEPIC converter-based BLDC motor drive was used [19]. In [20], a notch filter
was used to control unwanted AC components present in the DC link voltage across
the capacitor of the DC-DC converter. The number of transistor switches increases size,
switching losses, and complexity, and decreases the system’s efficiency. Therefore, to avoid
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these restrictions, a single traditional SEPIC converter was used [21]. In [22], torque ripple
was effectively reduced at about 28%, where copper losses and torque pulsations were
somewhat reduced by using the dg-Transformation. In [23], torque ripples due to the diode
free-wheeling of the inactive phase were considered, and were suppressed by nearly 32.5%
using the PWM-Model Antiseptic Control Technique.

Contributions
The major contributions to this work are as follows:

e A modified zeta converter was used to improve the power factor and provide the DC
link voltage to the voltage source inverter;

e  Reducing the current and torque ripples during the commutation zone was given top
priority in the current investigation, and duty cycle was also calculated;
The effect of PWM-ON-PWM scheme on torque ripple minimization was examined;
This neoteric method reduced the torque ripples and improved the power factor;
The proposed control strategy was implemented using MATLAB/Simulink.

2. Problem Definition

Torque ripples in BLDC motors are mainly brought on by commutation torque ripple
and diode freewheeling in the inactive period. These torque ripples can result in machine
vibration when BLDC motors are employed in applications like underwater defense, po-
tentially revealing the presence of the BLDC motor to adversaries. Therefore, it is crucial to
reduce torque ripples in order for a BLDC motor to operate quietly and without vibration.
To mitigate torque ripple arising from commutation, the PWM-ON-PWM scheme was
implemented.

The diode bridge rectifier alone can create significant harmonic distortion and reduce
the efficiency of the motor. The BLDC motor drive’s power factor may be enhanced with
the use of an improved zeta converter. Adding an improved zeta converter can correct the
power factor by shaping the input current waveform and reducing the harmonic distortion.
The zeta converter can smooth out the input current waveform, provide the motor with a
more stable DC voltage, and reduce stress on the components. By improving the power
factor and reducing the input current ripple, the zeta converter can increase the overall
efficiency of the BLDC motor drive system. Energy savings and lower running costs may
result from this.

3. Constructional Elements of BLDC Motor

Three stator windings and a rotor equipped with permanent magnets were used
to develop the BLDC motor. A three-phase voltage source inverter provides power to
the BLDC motor, with the motor being star-connected. The configuration is illustrated
in Figure 1, where V,, Vy, and V. represent the phase voltages and iy, i, and i. denote
the phase currents. Additionally, e, e, and e, represent the back emf; R represents the
resistance per phase; and L represents the self-inductance per phase. The three-phase
windings’ voltage equations were:

Vo = Rig+ L% 4 ¢, + U,
VbZRib—l—Ljf +ep + Uy @
Ve = Ric + L% + e + Uy

The electromagnetic torque is given by

T, = Cala T Culy T ecle efj b+ cle )

where w is the be the mechanical angular velocity of the rotor.
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Figure 1. Equivalent circuit of BLDC motor.

In BLDC, the shape of the back emf is trapezoidal. There are six alternative rotor
alignments 60° apart. This means that two phases commutate at a time, and the control,
called the trapezoidal control, causes the rotor to spin. The hall sensors can determine
the rotor’s position to properly commutate the motor at the appropriate times with the
appropriate phases. Commutation occurs in this manner. The rotor chases the stator’s
magnetic field rather than ever aligning with it. The motor of the BLDC engine requires a
continuous voltage supplied by its three-phase converter to run continuously. However,
the variable voltage must be used in order to drive the BLDC motor at various speeds.
PWM logic can be used to accomplish this. Due to the inductance of the winding, the phase
current of BLDC motors trails the phase voltage by an angle that depends on speed. This
angle is greater if the BLDC motor is operating at a high speed. The phase voltage should
be applied ahead of the phase current to the back-emf in order to generate the most torque.
Any phase difference between the back-emf and phase current causes flux weakening,
reduced torque, and low efficiency. A high state is produced when the rotor’s north pole
passes through a hall sensor, and a low state is produced when the south pole does so.
When exposed to any 60° electrical arc, the three hall sensors produce three states of the
signal, as shown in Figure 2. Six states are produced by the three hall sensors depending
on the rotor’s position. The controller will determine the two stator windings that need
replacing based on the hall sensors’ six states. The commutation is consequently continuous.
Every 60 degrees of rotation, a DC voltage that is electrically switched energizes each phase
terminal of the BLDC motor. As a result, each phase winding’s waveform resembles a
staircase with a step angle of 60° [24].
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Figure 2. Hall sensor signal, back-emf, output torque, and phase current.

4. Configuration of Proposed System

A detailed schematic of the proposed improved zeta converter-fed BLDC motor
is shown in Figure 3. This arrangement uses a single-phase voltage source to convert
the sinusoidal alternating current into a pulsing direct current using an uncontrolled
semiconductor diode bridge rectifier. The action of full-wave rectification causes ripples
in this pulsating DC voltage source. To provide a steady DC supply with reduced ripple
factor, an LC filter was implemented, where L; represents the filter inductance and Cg¢
denotes the filter capacitance. The input of the modified zeta converter received this filtered
DC supply. The modified zeta converter was made up of a PWM-controlled MOSFET
switch S, input inductor L;, output inductor L, intermediate capacitor C;, and dc link
capacitor Cq4. The input inductor, intermediate capacitor, and output inductor all began
charging when the MOSFET switch, Sy, was turned ON. The diode was in non-conduction
mode during this time, since it was configured to be reverse-biased. The associated C4 was
applied to the load. The diode transformed into a forward biased intermediate capacitor
as soon as the switch was turned off, and the DC link capacitor discharged to the lower
voltage. In this approach, the V4 or Ug of the modified Zeta converter was managed by a
single voltage loop.
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Figure 3. Modified zeta converter-fed BLDC drive.

A voltage source inverter (VSI) received the DC link voltage as a power source. A three-
legged semiconductor switch-based bridge known as a VSI was designed. In the VSI design
configuration, six MOSFET-based switches were employed. According to the diagram, S,
S3, and S5 made up the upper legs, and S, S4, and Sg comprised the corresponding lower
legs. The switching order was used to assign numbers to the switches. S; was switched
ON first, followed by S, then S3 was triggered ON after S,. There was a 60° pause before
each switch. The first leg was made up of S and Sy, and one phase of a three-phase output
supply was given at their common junction point. The other two phases came from the
following two legs. There were two toggle switches per leg. The lower switch was required
to be OFF if the corresponding upper switch was ON, and vice versa. A positive half cycle
of the corresponding phase was delivered to the load when the upper switch was ON
and the lower switch was OFF. The opposite was required for the negative half cycle. In
the same way, the subsequent upper and lower switches were actuated, with a gap of a
120° phase shift. With a 271/3 phase shift between any two phases, a three-phase output
voltage supply was achieved in this way. The three-phase stator winding of the BLDC
motor received the three-phase output supply generated by the VSl in order to deliver the
required flux. A speed encoder was used to measure the speed of the BLDC motor. The
error signal was produced after comparing the actual speed to the reference speed. The PI
controller’s proportional and integral (PI) gain was used to amplify the error signal. Six
switches were given the PWM-ON-PWM pulses to regulate their ON and OFF times. In
this manner, PWM-ON-PWM managed the VSI's generated three-phase voltage, which in
turn managed the speed of the BLDC motor. Block diagrams of the suggested model are
depicted in Figure 4.

To reduce torque ripples in BLDC motors, the suggested strategy primarily chooses to
use the PWM_ON_PWM scheme to send gate pulses to the inverter section. It is a bilateral
modulation system in which the first and last 30° are in PWM mode, and the middle
60° are in constant turn-on mode, which is exhibited by switches of VSI and is shown in
Figure 5. In this manner, the torque ripple brought on by the commutation current during
the commutation period can be compensated for.
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Figure 5. PWM-ON-PWM Pattern.

5. Operation of the Improved Zeta Converter

Figure 6 shows the basic circuit of the improved zeta converter. To increase the power
factor of the BLDC motor drive, the improved zeta converter ran on discontinuous inductor
current mode. In DICM, the current flow to the output inductor was not continuous in
a cycle. In order for the PFC zeta converter to operate in DICM, the input side inductor
(I1;) needed to become discontinuous while the output side inductor (I1,) and intermediate
capacitor (V¢j) maintained continuous conduction during the switching cycle. In an entire
switching cycle, the modified zeta converter could operate in four different modes. The
modes of operation are explained below.
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Figure 6. Basic circuit of zeta converter.

Mode 1

The Switch S,y must be turned on to enter this mode. Figure 7 illustrates how the
charge begins to accumulate as soon as the switch is turned ON across the intermediate
capacitor C;, input inductor L;, and output inductor L,. The first mode is split into two
parts. Due to the intermediate capacitor’s negative charge in the first section, the voltage
rises across it. In this mode, the Cg4 is directly loaded, while diode D is reverse-biased. In
this mode, the DC link capacitor voltage dissipates via the load. Figure 7 illustrates how
the intermediate capacitor begins to charge up in a positive way during the second phase of
mode 1. This mode’s output inductor current duration and intermediate capacitor voltage
(Cj) depend on the duty ratio.

3 % %
[ G
Sw
)+ ) vsi fed
C —~ L ILI L0 lLo S de BLDC
= + Motor
v

Figure 7. Mode 1 of the improved zeta converter.

Mode 2

The switch Sy, should be turned off to enter this mode. C; discharges in this manner in
accordance with Figure 8. The output inductor current falls and the input inductor current
increases as the intermediate capacitor voltage rises. When the diode D is forward-biased,
it begins to conduct. Through this diode, the DC link capacitor charges, starting to increase
the voltage across it. Figure 8 demonstrates that the diode current (Ip) is produced by
adding the input inductor current (I ;) and the output inductor current (I ,) together. When
the DC link capacitor reaches a voltage equal to the intermediate capacitor voltage V;, this
mode is terminated.
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Figure 8. Mode 2 of the improved zeta converter.

Mode 3

When V¢; decreases from Uy and the intermediate capacitor continues to discharge
between the input and output inductors, this mode starts. In this mode, the output inductor
discharges through the forward-biased diode when the dc link voltage rises as a result of
the dc link capacitor charging. As the current through the output inductor declines and
the current through the input inductor increases, the voltage across the dc link capacitor
increases. The output inductor’s current decreases to zero in mode 3, since the modified
Zeta converter is designed to operate in discontinuous inductor current mode. Because the
output inductor is meant to be completely discharged, it must have a lower value than the
input inductance. In Figure 9, Mode 3 is presented.

L V,

m Vi | ? Vio B‘

+I\= e

0
)
A
r
-
=

Figure 9. Mode 3 of the improved zeta converter.

Mode 4

When reaching zero, the output inductor current reverses polarity to begin this mode.
The two sections of this mode are also separated. The current rises in the initial portion
of the mode input inductor as the intermediate capacitor keeps discharging. The output
inductor current is equal to the inductor current during that time, since the diode is reverse-
biased. As the C4 discharges through the load directly, the Ug becomes smaller. When the
intermediate capacitor voltage reaches zero, the second phase of the mode begins. The
intermediate capacitor then begins to charge with reverse polarity. Figure 10 illustrates the
input inductor current used to charge C; as the input inductor voltage decreased. Often,
the duration of Mode 4 is the longest of all modes of operation. Switch S,y is then turned
ON once more, and the cycle starts all over again.
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6. Control of Proposed BLDC Drive

The control of the modified zeta converter-fed BLDC is divided into two parts as
follows.

6.1. Control of PFC Modified Zeta Converter

The front-end PFC converter, which produces the PWM pulses for the PFC converter
switch for DC-link voltage control, is controlled using a voltage follower strategy. For
the PFC zeta converter running in DICM, a single voltage control loop (voltage follower
technique) is used. A reference DC-link voltage Vg4, is considered.

Vi =Ky x w* ®)

where w” is the reference speed and Ky is the motor voltage constant.

DC-link reference voltage V4. and detected DC-link voltage Ug can be compared to
produce voltage error signal V.. The proportional-integral (PI) controller receives this error
voltage signal (V) in order to produce a controlled voltage, V.. Finally, the output of the
voltage controller, V, is compared with a high-frequency saw-tooth signal (M) to generate
the PWM pulses as follows:

if My(t) < Vi(t), then Sy, = ON 4
if My(t) > Ve(t), then S — OFF @

where Sy, represents the switching signals of the PFC modified zeta converter.

6.2. Control of BLDC Motor for Torque Ripple Minimization

The voltage source inverter must be switched precisely during the electronic com-
mutation of a BLDC motor. To locate the rotor within a 120° span, Hall effect position
sensors are used. Due to the stator and rotor magnetic field interaction, torque ripples in
BLDC motors occur. These interactions generate a “ripple” effect in the motor’s torque
curve, which results in variations in its power output. The timing and accuracy of the
commutation process may also cause torque ripples for one reason or another. If the current
is not switched at precisely the right time, the magnetic field may not be properly aligned,
leading to variations in the torque output. The main reason behind the ripple formation
is that the commutation between two phases cannot be completed simultaneously. It is
possible for three cases to occur when considering stator currents and the maximum value
of the back-emf, E.

Case 1: If Uy is smaller than E, the commutation between the two phases cannot be
completed simultaneously, i.e., the motor speed is higher than a specific value, and as a
result, i does not reach its steady state value when i, is zero. This can be seen in Figure 11a.
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Figure 11. Different cases of commutation. (a) Negative Torque Ripple (b) Positive Torque Ripple
(c) Zero Torque ripple.

Case 2: If Uy is greater than E, the motor cannot commutate between the two phases
at the same rate, and, as shown in Figure 11b, i achieves its constant state value before i,
reaches zero.

Case 3: If Ug and E are equal, the commutation between them can be finished si-
multaneously. If this occurs, the motor will run at a specific speed, causing i. to attain its
steady-state value just as i, drops to zero, as shown in Figure 11c.

The amount of current in the non-commutating phase can be increased, decreased, or
held constant. Thus, during commutation, the non-commutating phase has a positive slope
at slower speeds and a negative slope at faster speeds. As a result, this slope is adjusted
during commutation by injecting PWM pulses using the bilateral modulation scheme of
PWM-ON-PWM. In this manner, the torque ripple brought on by the commutation current
during the commutation period will be eliminated.

6.2.1. Estimation of Duty Cycle for the PWM-ON-PWM Scheme

The main cause of torque ripples is commutation. For example, consider the region
from 0 to 7t/2. As shown in Figure 12, the back-emf and current will be

e, = E
ep =E @)
eC:_E
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By substituting (5) and (6) into (2), the torque will be

_ —(2Ei)

Te = )

w

From (7), it is clear that the torque is proportional to the non-commutation phase
current during commutation, i.e., the commutation torque ripple can be eliminated by
keeping the non-commutation phase current constant during the time of commutation.

1 A j.a j.b

P e e m— — —
i |

Figure 12. Ideal current commutation of BLDC motor.

The following is an analysis of the commutation process. For the analysis, overlapping
commutation was suggested, which would control the PWM duty cycle in order to control
the commutation torque ripple. Assuming that S; was switched OFF and S; was switched
ON during a specific commutation procedure at the time the current is transferred from
phase A to phase B, S3 is then chopped. For analysis, overlapping commutation was
suggested, which would control the PWM duty cycle to control the commutation torque
ripple. The three-phase voltage equations are, therefore:

dia

Va:Dde:Ria—f—Ldt +e,+ Uy, (8)
o diy
Vb:ud:sz+LE+eb+Un 9)
. di.
VC = (1—D>Ud :Rlc“_LE +eC+Un (10)

From the above three equations, the neutral voltage U, can be obtained as

s — e — en —
u, — 24 il (1)

The values 1 and 0 signify turning the switch on and off, respectively, while D stands
for the switching function. In each PWM carrier cycle, S maintains a value of 1 during DT
and a value of 0 during (1-D) T, where D is the PWM duty ratio.

Substituting (11) into (8), (9), and (10) the differential equations of the phase current

become: i 3D — I )
L%:DXUd_E{z_un:( _ ) d—;etl—’—ec_ 6,1: al (12)

j -2
Riy + L% — g, —op— g, — Ha Tt e =20
dt 3
By considering the initial conditions (at t =0)i, =1, i, =0i. = -1,

jp = Hat (1 - Val)e—(’fﬁ (14)

= Vp (13)

R R
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Y Vi (R Vi (B
zh—R ReL—R(leL) (15)
The first term can be described as e~ (1)t = 1 — (%) t. Substituting it into (14) and (15),

the time t; when i, decreases from 1 to 0 and the time t;, when i;, increases from 0 to 1 can

be explained as
3IL

te = 16
7 2e,—e, —e.+ (3D — 2) x Uy (16)
3IL
ty = 17
b Uj+ e+ e — 2¢ 17
Thus, the duty cycle of PWM can therefore be stated as:
-2
D(k) =1— eﬂ(k) + €p (k) €c (k) (18)

30,

The duty ratio given in Equation (16) is used for providing gate pulses to the switches
of the inverter.

6.2.2. Pulse Width Modulation Scheme: Digital Logic of PWM-ON-PWM Scheme

A suitable switching of VSI is one of the important parts of the electronic commutation
of the BLDC motor, drawing a symmetrical dc current for 120° from the DC-link capacitor
and placing it in the middle of each phase. Rotor position sensing over a span of 120°
is accomplished using Hall effect position sensors. The applied DC-link voltage, back
electromotive forces, resistance, and self- and mutual inductance of the stator windings
all affect how much current flows through them. Six switching pulses are needed for the
proper switching of the inverter. Two switches per phase are present. The back emf signal
and current/decoded hall sensor signals are considered for the implementation of the
PWM pattern. For phase A, current i, and back-emf e}, and e. are considered; similarly,
for phase B, current i, and back-emf e and e, are studied; and for phase C, current ic and
back-emf e}, and e, are considered. In the PWM_ON_PWM pattern, for the first and last
30°, PWM mode is used, and for the middle 60°, the constant turn-on mode is used. In
order to implement this, logical operations were mainly used. For the implementation of
the first 30° of phase A, the region of i, = 1 and e. > 0 was considered and the first 30°
were developed. The region of i; = 1 and e, > 0 was considered to develop the last 30°.
By providing OR operation, a combination of the first and last 30° will occur. For the next
step, XOR operation of this developed region with i, = 1 will allow a constant 60° region to
develop. Then, by using AND operation, the pulses developed by using the duty ratio as
per Equation (18) with the combination of first and last 30° will generate a combination of
the first and last 30° PWM pulses. For the final stage, the OR operation is provided with
the XOR output, and the combination of the first and last 30° PWM pulses will generate
the PWM-ON-PWM pattern. Similar operations are used for the next two phases, and
these, correspondingly, will generate the PWM-ON-PWM pattern. The digital logic of the
PWM-ON-PWM scheme and a complete scheme of implementation using MATLAB are
shown in Figure 13.
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Figure 13. Digital logic of the PWM-ON-PWM scheme.

7. Results and Analysis

With the aid of the MATLAB/Simulink, the proposed system is illustrated with ideal
models of all the elements. Design factors for the employed zeta converter and BLDC motor
are mentioned in Tables 1 and 2, respectively. The framework of the proposed scheme to
achieve the power factor correction and torque ripple minimization is shown in Figure 14.

Table 1. Parameters of the zeta converter.

Symbol Quantity Value of Parameter

Vin Input Voltage 100 V

Ugq Output Voltage 200V

L; Input Inductance 3.3mH
Lo Output Inductance 70 mH
G Intermediate Capacitance 0.66 uF
Cq Output Capacitance 2200 uF
Sw Switching Frequency 10 kHz

Table 2. Parameters of the BLDC motor.

Symbol Quantity Value of Parameter

Uyq Input Voltage 200V

J Moment of Inertia 0.12 Kgm?

B Friction Coefficient 0.005 Nm/rad/sec
Ke Back-emf Constant 0.07 V/rad/sec

R Resistance per phase 020

L Inductance per phase 8.5 mH

P Number of pole pairs 4

T Torque 2 Nm

This model mainly focuses on improving the power factor of the BLDC motor drive
using the modified zeta converter. In this model, the modified zeta converter is designed to
produce an output voltage of 200 V, which is demonstrated in Figure 15.



Electronics 2023, 12, 3533

15 of 23

Diode Bridge Rectifier

Power Factor Calculator

*“c.

Power Factor

Stator Current,la

Stator Current,Ib

Load Torque

Stator Current,lc
Hall Sensor Signal, Ha

Decoder PWM-ON-PWM

Modified Zeta Converter VS| fed BLDC BLDC Motor
Torque

Hall Sensor Signal, Hb
Hall Sensor Signal, He
Back EMF Ea

Back EMF,Ec

]
r._.
[N
I—’
Back EMEEb Tﬁ B |

Electromagnetic Torque, Te
Rotor Speed,N

Control Unit of Zeta Converter

Figure 14. Simulation model of the proposed system.
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Figure 15. Output voltage of zeta converter.

In a BLDC drive that does not incorporate a zeta converter, the rectifier stage commonly
employs a diode bridge configuration to convert the AC input voltage into a pulsating
DC voltage. This pulsating DC voltage is subsequently fed into a voltage source inverter,
which generates the three-phase voltage waveforms necessary for driving the BLDC motor.
However, the diode bridge rectifier operates by drawing current from the AC supply in
short pulses, resulting in a distorted input current waveform characterized by a low power
factor. Introducing a zeta converter into the rectifier stage of the BLDC drive can improve
the power factor. The zeta converter could regulate the input current, which would allow
it to determine the shape of the input voltage and reduce its harmonics in a way that
would allow for an improved power factor through control of the switch timing and the
duty cycle.

Figure 16 shows the power factor obtained from the simulated model. From Figure 16,
it is clear that the power factor value is 0.9999, which is approximately equal to unity and
demonstrates the UPF operation of the modified zeta converter-fed BLDC drive.
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Figure 16. Power factor of the BLDC drive.
PWM-ON-PWM is the suggested technique to deal with the commutation current
ripple in the commutation zone and the freewheeling diode in the non-commutation zone.
To validate the results of the PWM-ON-PWM scheme, a comparison using a PWM-ON
scheme is also introduced. The PWM-ON technique is not able to reduce the torque ripple
at the end of commutation or the ON-PWM technique at the beginning of commutation.
The PWM-ON-PWM control strategy is suggested for the concurrent execution of both
tasks. As a result, the PWM-ON-PWM scheme can reduce the freewheeling diode current
in the first and last 30° of commutation. To validate the results, the PWM-ON scheme is
also implemented. The results of the simulated model are depicted below. Figure 17 shows
the PWM-ON pulses exhibited by the MOSFET switches of the BLDC drive.
1
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Figure 17. Simulated waveform of the PWM-ON pattern.

The simulated stator current waveforms of the BLDC drive using the PWM_ON
scheme are shown in Figure 18.
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Figure 18. Simulated waveform of the stator current using the PWM-ON switching scheme.

It is important to note that the freewheeling diode enters the scene at the last 30°
of commutation in Figure 18. PWM-ON approaches have the current ripple overlaid on
the stator current in the non-commutation zone because of the diode freewheeling of the
inactive phase.

Aload torque of 2 Nm is applied for 3 s, and the performance is analyzed. A simulated
waveform of the BLDC drive using the PWM-ON scheme is shown in Figure 19, and the
expanded view is also included.
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Figure 19. Electromagnetic torque using the PWM-ON scheme.
Torque ripples in the BLDC drive are calculated by

Tax — T,
7% 4100 (19)

avg

Torque Ripple (%) =

From the expanded figure, it is clear that torque ripples of about 58.9% are present in
the drive using the PWM-ON scheme.
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The details of BLDC motor operation using the PWM-ON-PWM scheme are given
below. PWM-ON-PWM pulses are used to attain torque ripple minimization in the BLDC
drive, fed to the MOSFET’s of VSI. In the PWM-ON-PWM pattern, for the first and last 30°,
PWM pulses are provided, and for the middle 60°, a constant turn-on scheme is followed.
The simulated waveform of the PWM-ON-PWM pattern is shown in Figure 20.
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Figure 20. Simulated waveform of the PWM-ON-PWM pattern.

Using the same parameters, the stator currents and back emf of the BLDC motor based
on the PWM-ON-PWM technique and the zeta converter are depicted in Figures 21 and 22.
It is crucial to remember that PWM pulses are offered in both the first and last 30° of
the commutations, which completely eliminates the freewheeling action of the diode and
develops a ripple-free stator current waveform of a constant amplitude with no distortion.

0.5 0.52 0.54 0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7
T | | T | T | | T
g 10 .
< 0
ﬁ 10 B -
T \ | | \ | \ | | |
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Figure 21. Simulated waveform of the stator current using the PWM-ON-PWM switching scheme.
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Figure 22. Simulated waveform of the back emf using the PWM-ON-PWM switching scheme.

The trapezoidal back-emf of BLDC drive using the PWM-ON_PWM scheme is illus-
trated in Figure 22. To analyze the feasibility of the proposed PWM-ON-PWM switching
scheme, a load torque of 2 Nm was applied for 3 s and the performance was analyzed.
A simulated waveform using the PWM-ON-PWM scheme is shown in Figure 23. The
expanded view is also depicted.
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Figure 23. Electromagnetic torque using the PWM-ON-PWM switching scheme.

By comparison with the PWM-ON scheme, it becomes clear that the torque ripples
in the BLDC drive using PWM-ON-PWM were less as compared to PWM-ON. With the
proposed scheme, the torque ripple in the BLDC drive was only 24.7%.



Electronics 2023, 12, 3533 20 of 23

PWM-ON-PWM mode reduces the torque ripple caused by the current during the
time of commutation. For showing the variation in torque, expanded waveforms using the
PWM-ON and PWM-ON-PWM patterns are depicted in Figure 24. From Figure 24, it is
clear that the torque ripples were less in the PWM-ON-PWM scheme as compared to the
PWM-ON scheme. The PWM-ON-PWM was able to reduce the torque ripple by 34.2%.

I I
Torque(PWM-ON-PWM
Torque(PWM-ON)

Electromagnctic Torquc (N m)

0.5 | | | | | 1 | | |
1 1.05 11 115 12 1.25 L3 1.35 14 145 L5
Time (s)
Figure 24. Electromagnetic torque using the PWM-ON-PWM and PWM-ON patterns.
The proposed system can be used for both constant- and variable-speed applications.
For a reference speed of 1200 rpm, the motor followed the reference speed quickly, as
shown in Figure 25. Also, when loaded, the machine was capable of supplying the required
load torque demand. Thus, it is very evident from the result that the drive is doing well.
The outcomes clearly demonstrate the viability of the suggested approach.
1400 T T T
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Actual Speed
1200 f—f
1000 4
)
5
= 800 .
]
)
= 600 | 4
£
]
&
400 |- .
200 - i
0 1 | 1 1 1
0 0.5 1 15 2 25 3

Time (sec)
Figure 25. Speed response of the BLDC drive using the PWM-ON-PWM pattern.

The ability to control motor speed allows for optimized performance, energy efficiency,
and precise operation in diverse applications. BLDC drives with variable speed capabilities
find extensive applications in electric vehicles, HVAC systems, industrial automation,
aerospace, renewable energy, robotics, and medical equipment. The proposed drive is
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also applicable to variable speed applications, and the operation of the drive for variable
driving cycles is shown in Figure 26.
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Figure 26. Variable speed response of the BLDC drive using the PWM-ON-PWM pattern.

8. Conclusions

The PWM-ON-PWM switching logic was proposed to reduce the torque ripples in
the BLDC drive, and the improved zeta converter to improve the power factor. The PFC-
modified zeta converter offers a good power factor correction capacity. With a power factor
of 0.9999, the PFC-modified zeta converter’s topology outperforms the topology explained
in [10]. A power factor correction zeta converter-driven BLDC motor drive was shown to
have a wide range of speed control with the unit power factor at the supply mains. The
modified zeta converter was used to control the DC-link voltage of VSI, which in turn
controlled the BLDC motor’s speed. It is possible to use the drive for both constant- and
variable-speed applications. Additionally, a comparative study was presented using the
PWM-ON and PWM-ON-PWM switching strategy. It was observed that the PWM-ON
switching offered 58.9% ripples, whereas the proposed method offered only 24.7% of
the torque ripples. The PWM-ON-PWM method was able to reduce the torque ripples by
34.2%, which is a lesser result than that mentioned in [23]. The effectiveness of the proposed
strategy was illustrated by simulation. The combination of these techniques offers a better
power factor and better torque ripple minimization in BLDC drives, thus having a positive
impact on both industrial and energy-saving efforts.

9. Future Works

Future work will consider the practical grid interfaced solar water pumping system,
which includes a PV panel, an improved zeta converter, and a voltage source inverter of a
BLDC motor using the PWM-ON-PWM scheme with a new topology for a bidirectional
converter. The methodology in the manuscript will be incorporated into the future work
in a practical way. Integration with the grid will be a significant milestone in terms of
enhancing the solar water pumping system’s functionality. By enabling bidirectional power
flow, the system can efficiently utilize surplus solar energy, which can be injected back into
the grid, ensuring an environmentally friendly approach and potential revenue generation
through net metering schemes. This switching strategy can be used in situations where
torque ripple minimization is crucial.
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